INTRODUCTION
Eubacterial chromosomal DNA is circular whereas eukaryotes have linear chromosomal DNAs. The circularity of some bacterial chromosomes has been well demonstrated by autoradiogram(l ,2) or electron microscopic inspection (3) . Recently, pulsed-field gel electrophoresis(PFGE) (4, 5) has been used to get circular physical map of Escherichia coli (6) and Haemophilus influenzae (7) . Although main chromosomes are circular in eubacteria, they also contain linear DNA of phages and plasrruds (8) (9) (10) . The linearity of eukaryotic chromosomal DNA has been rationalized by the analysis of the telomeric structure of chromosomal DNA (11, 12) .
Archaebacteria, which are considered to be the third group of the living organisms, are clearly distinguished from eubacteria and eukaryotes by their ribosomal RNA sequences (13, 14) . Although archaebactena have no nucleus nor organelle, several eukaryotic characteristics have also been reported for archaebacteria ( 15, 16) .
We analyzed the shape of the chromosomal DNA of the sulfurdependent archaebactena Sulfolobus acidocaldarius with pulsedfield gel electrophoresis and found that the organism has circular chromosomal DNA. The characteristic is shared with eubacteria. It also implies the circular form of chromosomal DNA in progenote, the common ancestor of the living organisms on the earth.
MATERIALS AND METHODS

Pulsed-field gel electrophoresis
Cells of S. acidocaldarius #7(17) were cultured in the medium of Brock et al. (18) supplemented with 0.1% yeast extract and 0.1 % casamino acid. Harvested cells were washed with 10 mM EDTA(pH6.0)^0 mM NaCl. They were suspended in the EDTA-NaCl medium and solidified by adding the same volume of 1% low melting temperature agarose(Biorad). They were treated with 0.45 M EDTA(pH 9.0)-0.1% Nalauroylsarcosinate-1 mg/ml proteinase K at 50°C for 3 days with two changes of the solution and stored at 4°C. Before restriction enzyme treatment buffer was changed by soaking the sample gel in Tns 10 mM-EDTA 1 mM, pH 8.0, for 2 h with two buffer changes, then in restriction digestion buffer for 30 min on ice. Samples were digested with Notl at 37°C for 1.5 h. DNA samples of Saccharomyces cerevisiae(S2&&C) and Scfuzosaccharomyces pombe(972, Leupold strain) were prepared according to Carle and Olson(5) or Smith et al (19) , respectively. Orthogonal-fieldalternation gel electrophoresis(OFAGE) system essentially similar to that designed by Carter and Olson(5) was built and used.
Construction of S. acidocaldarius genomic DNA library
Cells of S.acidocaldarius were washed with 10 mM EDTA pH 6.0 and the cells were lyzed by adding the 50 mM Tris/HCl-50 mM EDTA pH 8 5. After the addition of 0.5% Nalauroylsarcosinate and 1 mg/ml proteinase K the solution was incubated at 50°C for 3 h, then treated with phenol three times and dialyzed against 10 mM Tris-10 mM EDTA, pH 8.0. After the RNAase treatment DNA sample was extracted with phenol/chloroform and dialyzed against 10 mM Tris-1 mM EDTA, pH 8.0. The DNA was digested with either Xbal or HindUl or partially digested with Sau3AI. In the case of SOM3AI partial digestion, 2 -8 kbp DNA fragments were recovered from the agarose gel after electrophoretic separation. The DNA digested with each enzyme was inserted into the multiple cloning site of pUC19 (20) and amplified in E.coli HB101(21), separately.
Cloning of Wort-linking fragment
To make the plasmid pNTl which has a Notl site and has tetracycline resistance gene, pBR322 was digested with Dral ligated with Notl-Ymker, d(GCGGCCGC), so as to make Notl site and to eliminate ampicillin resistance gene. pNTl digested with Notl was ligated with each 5. acidocaldarius genomic DNA library digested with Notl, separately (Fig. 1 ). They were used to transform HB101. The transformants were screened for ampicillin and tetracycline double resistance. The cloned plasmids were digested with Notl to remove pNTl and selfligated. 
Southern analysis
Southern analysis(22) was done as described by Maniatis et al. (23) . DNA was transferred onto Hybond-N(Amersham) and hybridized with 32 P probe labeled with oligolabelling kit(Pharmacia). Filters were washed with 2 xSSC-0.1 % SDS at room temperature then with 0.1XSSC-0.5% SDS at 42°C They were exposed to X-ray film at -80°C over night
RESULTS AND DISCUSSION
S.acidocaldanus DNA was prepared in agarose gel in order to prevent mechanical disruption of DNA strands. When the DNA was treated with the restriction enzyme Notl, two bands were separated by PFGE. The low number of recognition site was expected from the low GC content of this organism. The GC content is between 30 and 40% in Sulfolobus species (24) (25) and Schizosaccharomyces pombe{\9) were used as size markers. When S.acidocaldarius DNA was electrophoresed without restriction enzyme treatment, a band was scarcely seen at around 3 Mbp. The result suggests that the chromosomal DNA is circular because open-circular DNA migrates differently from linear DNA (26) .
A'ofl-linking fragments which bridge Notl cleavage sites were cloned as Materials and Methods. They were analyzed by Southern hybridization. Two clones of them, pXN7 and pHN7, were used as probes representing these clones in Fig. 3 . Each A/o/I-linking clone was hybridized with one of the two representative clones: There are at least two Notl sites in the chromosome. Fig 1 The fragments cloned were used as probes pXNC7 and pXNL7 or pHNS7 and pHNS7R are plasmids containing right and left hand side arms of the M?rl-linking fragment pXN7 or pHN7, respectively pXN7 was digested with Noll and Sacl, Wuntended and selfligated to make pXNC7 Similarly another arm was cloned in pXNL7 by digesting pXN7 with Noll and Sail pHN7 was digested with Noll and Sail, bluntended and selfligated to get pHNS7 pHNS7R was made similarly from the plasmid which has the opposite insert direction Southern analysis was done as in Fig 3 Southern transfer of the two DNA fragments separated by PFGE after Noll digestion of the chromosome was analyzed with those two Ato/I-linking clones (Fig. 4) . Both bands were hybridized with both /Vbrl-linking clones pXN7 and pHN7. The right and left arms of each A/orl-l inking fragment were subcloned; pXN7 and pXNL7 from pXN7, and pHNS7 and pHNS7R from pHN7. Each of subcloned arms hybridized with one of the two DNA fragment bands separated by PFGE. The results clearly indicate that both ends of the two DNA fragments were originally connected by the two Notl sites each other. Accordingly, the chromosomal DNA is circular.
The approximate size of the chromosomal DNA was estimated to be about 3 Mbp, although the exact size will be determined and will appear elsewhere. The size of the chromosomal DNA of E.coli is about 4.7 Mbp (6, 27) . The genome size of some halobacteria, halophilic archaebactena, determined by C o t analysis are about the same size as that of E.coli(2%). The size of a methanogenic archaebacterial genome is less than the half of that of E.coli (29) . The genome size of Thermoplasma, another sulfur-dependent archaebactenum, is about one third of that of E.coli (30) .
Accordingly, the estimated size of the S.acidocaldarius DNA fell within the range of archaebacterial genome size.
Phylogenetic relation between the three groups of kingdoms are under debate. Although the exact branching order is not clear, the accumulated knowledge about the characteristics of archaebactena tends to agree at the point that the three lines of descent have separated almost simultaneously from the common ancestral organism progenote (16, 31, 32) . Phylogenetic analysis of ribosomal RNA also suggests that sulfur-dependent archaebacterial phenotype is more primitive than the other lines of descent (16, 31, 32) . Accordingly the circulanty of the S.acidocaldarius chromosome implies that the genomic DNA of progenote had been circular.
Circular DNA seems to fit the pnmitive replication system in the early stage of life on the earth. The linear DNA needs special ways of replication for the 3'-end of the DNA strands, because DNA polymerase normally extends an RNA primer from 5' to 3'. Whereas the circular DNA does not pose such a problem(lO). Eukaryotes must have developed their special replication mechanism for linear DNA (11, 12) . It may be related to the huge increase of the genome size in eukaryotes.
